Monoclonal antibodies (mAbs) that inhibit activation of the epidermal growth factor receptor (EGFR) have shown therapeutic potential in select malignancies including breast cancer. Here, we describe that combined use of two such mAbs, C225 (Cetuximab) and 425 (EMD55900), reduced growth and survival of EGFR overexpressing MDA-MB-468 breast cancer cells more effectively than either antibody alone. Similarly, the C225/425 antibody combination more effectively inhibited AKT and MAPK phosphorylation in MDA-MB-468 cells. Surface plasmon resonance, size exclusion chromatography and analytical ultracentrifugation demonstrated that mAbs C225 and 425 simultaneously bind to distinct antigenic epitopes on domain III of the soluble wild-type EGFR. Furthermore, neither mAb competed with the other for binding to cells expressing either wild-type EGFR or a mutant EGFR (EGFRvIII) associated with neoplasia. Mutagenesis experiments revealed that residues S460/G461 in EGFR domain III are essential components of the 425 epitope and clearly distinguish it from the EGF/ TGFα binding site and the C225 interaction interface. Collectively, these results support the conclusion that therapeutic EGFR blockade in cancer patients by combined use of mAbs C225 and 425 could provide advantages over the use of the two antibodies as single agents.
Introduction
The epidermal growth factor receptor (EGFR;ErbB-1;HER1) is one of four members of the ErbB receptor family and contributes to growth, survival, migration and differentiation of epithelial cells. 1 Deregulated signaling through the EGFR either alone or in cooperation with other members of the ErbB family, notably ErbB2 and ErbB3, is a hallmark of multiple neoplasms predominantly of epithelial origin. The molecular mechanisms leading to deregulated EGFR-dependent signaling include overexpression of the EGFR, establishment of autocrine loops by aberrant overexpression of EGFR ligands and, the expression of mutated, constitutively active EGFRs (reviewed in refs. [2] [3] [4] .
In recognition of the potential roles of aberrant EGFR activation in tumor progression, multiple antagonists of EGFR activation have been developed with therapeutic intent. These can be broadly divided into two classes: (i) small molecules that target the kinase domain of the EGFR and inhibit its phosphorylation activity and (ii) monoclonal antibodies (mAbs) binding to the extracellular domain of the EGFR (reviewed in ref. 5 ). Typically, EGFR antagonistic mAbs were selected to disrupt ligand binding to the extracellular domain of the wild-type EGFR. The murine mAb 225 was originally developed by Dr. J. Mendelsohn. 6 A chimeric version of 225 (C225;Cetuximab;Erbitux) containing a human Fc fragment has been FDA-approved for treatment of several epithelial neoplasias including colorectal carcinoma. The murine mAb 425 was developed by us, 7, 8 and a humanized version of 425 (EMD72000;Matuzumab) is currently in Phase II clinical trials in various epithelial neoplasms.
Clinical studies with either antibody alone showed promise when they were used as single agents or in the adjuvant setting, raising the issue whether targeting the EGFR with a combination of Cetuximab and Matuzumab may provide added benefit. In support of this notion we demonstrate in the present study that (i) C225 and 425 in combination more effectively inhibit metabolic activity and induce apoptosis of breast cancer cells overexpressing the EGFR, (ii) C225 and 425 bind to separate epitopes on the wild-type EGFR as well as on the mutated, constitutively active EGFRvIII and, (iii) the 425 binding epitope is distinct from the C225 binding site and requires residues S460/G461 present in the human but not the murine EGFR. combinations of mAbs binding to different epitopes of the same antigen have proven to exert synergistic effects against tumor cells expressing their cognate antigens at the cell surface. For example, two antibodies to ErbB2 (i.e., Trastuzumab and Pertuzumab) inhibit survival of breast cancer cells more effectively than either antibody alone. 14 Here we investigated whether two antibodies, i.e., 425 and C225, selected independently for the capacity to inhibit ligand binding to the EGFR would similarly affect breast tumor cell growth and survival. In earlier work, detailed characterization of the C225 binding epitope revealed direct competition with EGF/TGFα for binding to domain III of the extracellular portion of the EGFR. 15, 16 MAb 425 was similarly selected for interfering with ligand access to the EGFR. 7 However, the binding site for 425 is currently unknown. We compared the effects of either antibody alone with those of the combination of both antibodies on growth and survival of MDA-MB-468 breast carcinoma cells that express high levels of EGFR. 17 To avoid effects due to differences in antibody concentration the total amount of IgG was kept constant for all experimental conditions. As shown in Figure 1A , the combination of the two antibodies was superior to either antibody alone in inhibiting metabolic activity of actively growing, attached MDA-MB-468 cells. The synergistic effect of the antibody combination at 25% growth inhibition is demonstrated by isobologram which depicts equally effective dose pairs (isoboles; Fig.  1B ). In this representation, the concentration of one drug required to produce a desired effect is plotted on the horizontal axis while the concentration of another drug producing the same effect is plotted on the vertical axis. A straight line joining these two points represents additive effects expected by the combination of two drugs. Figure  1B shows that, at 25% growth inhibition, the experimental value for the antibody combination lies well below the theoretical additive line consistent with drug synergism. These results demonstrate that the combination of the two antibodies is superior to either antibody alone in inhibiting metabolic activity of actively growing MDA-MB-468 cells.
Next we assayed the capacity of the antibody combination to induce cell death in the anchorage-independent state (Fig. 1C) . We demonstrated previously that EGFR inhibition with either 425 (10 μg/ml) or with small molecule tyrosine kinase inhibitors accelerates apoptosis of epithelial cells maintained in forced suspension culture which precludes extracellular matrix attachment. 11, 18 A simple method to assay cell survival in these conditions consists of reseeding cells on tissue culture-treated plastic after defined periods of suspension culture and the determination of cell reattachment after [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] h. This analysis revealed that treatment with either antibody at 10 μg/ml during suspension culture reduced the number of cells capable of matrix reattachment only marginally irrespective of the culture medium used in these experiments (Fig. 1C) . In contrast, the combination of both antibodies where each antibody was used at 5 μg/ml markedly reduced levels of viable reattached cells similar to cultures treated with the small molecule EGFR inhibitor AG1478. This result indicates that the antibody combination accelerates death of MBA-MB-468 cells in the anchorage-independent state.
Inhibitory effects of the C225/425 antibody combination on signal transduction events triggered by EGFR activation. To account for combinatorial inhibitory effects of the antibody combination on EGFR-dependent signal transduction events we determined the effects of the antibodies used either singly or in combination on short-term EGF-induced signal transduction events in serum-starved MDA-MB-468 cells. This analysis revealed more efficient inhibition of AKT and p42/44MAPK phosphorylation in serum-starved cells exposed to EGF and the antibody combination as compared to single antibody treatment (Fig. 2) . In fact, in MDA-MB-468 cells, 425 treatment alone did not inhibit AKT and MAPK phosphorylation whereas it very effectively reduced EGF-dependent phosphorylation of the EGFR on Y1068. As in the case of cell growth inhibition experiments the effects on signal transduction events occurred although either antibody was used at half the concentration (5 μg/ml) when combined as compared to single antibody treatments (10 μg/ml). Overall, the antibody combination effects were similar to those achieved by using AG1478 at very high concentration (10 μM). Simultaneous binding of 425 and C225 to the extracellular domain of the EGFR. Cooperative growth inhibitory effects by the two antibodies under investigation here could be explained by binding of these antibodies to distinct EGFR populations thus providing more effective ligand binding competition. Alternatively, the two antibodies could simultaneously engage distinct epitopes of the EGFR domain III and inhibit EGFR-dependent signal transduction by independent mechanisms. To distinguish between these two possibilities we performed surface plasmon resonance experiments whereby either antibody was immobilized on a CM5 chip and successive binding of soluble extracellular domain of the EGFR and the second antibody was monitored. To calibrate the system we first characterized binding of sEGFR to either 425 or C225 immobilized on the chip ( Fig. 3A and B) . In these experiments, lower RUs (~200 RU) of mAbs were conjugated to avoid mass transport limitations. Also, sEGFR was injected at a high flow rate of 50 μl/min in order to overcome potential receptor rebinding effects. The resultant sensorgrams were then analyzed and the equilibrium rate constants were calculated. The real time sensorgrams were pseudocolored for different concentrations of injected sEGFR while the calculated kinetic fit of the interaction is represented in black. Analysis of the binding data revealed that C225 binds to sEGFR with a higher affinity (2.7 ± 0.4 nM) compared to 425 (32.3 ± 6.75 nM) due to a comparatively higher dissociation rate of 425. The binding affinity of C225 as determined by these analyses was very similar to that previously described. 16 The next set of experiments focused on the question whether sEGFR bound to C225 immobilized on the chip was capable of capturing 425. To this end, sEGFR (5 nM) was injected over a lowdensity C225 chip (280 RU) followed by different concentrations of 425 (0-512 nM) until binding equilibrium was reached. The sensorgrams reveal binding of concentration-dependent binding of 425 to sEGFR captured by C225 (Fig. 3C) , consistent with noncompetitive binding of the two antibodies to sEGFR.
To obtain independent confirmation for simultaneous binding of both antibodies to EGFR we performed sedimentation equilibrium analysis by analytical ultracentrifugation using an admixture of C225, 425 and the extracellular portion of the EGFR consisting of domains I to IV (sEGFR). This analysis indicated a single species with an apparent weight of 167 kD, consistent with the existence of a 1:1:1 tripartite molecular complex (Fig. 4) . Note that total concentration was at 4.5 μM or >100-fold and >1000-fold the dissociation constant of 425 or C225 and EFGR, respectively. Together, these results strongly suggest that the binding epitopes of C225 and 425 are distinct albeit both are confined to domain III of the extracellular portion of the human EGFR. 19 Next we addressed the question whether both antibodies could also simultaneously engage the EGFR expressed on cell surfaces. To this end, we used NIH3T3 cells stably transfected with either fulllength wild-type human EGFR (CO12 cells) or an mutated EGFR characterized by intragenic deletion of most of domain II of the EGFR and prominently expressed in neoplasia (HC2 cells). 9 As both antibodies bind exclusively to domain III of the EGFR 19 we expected that they would not only bind to wild-type but also the tumor-specific EGFRvIII. To avoid confounding effects of endogenous EGFR expression we used transfected mouse 3T3 cells in these experiments rather than human cells. Since both antibodies under investigation do not recognize the murine EGFR 7, 20 no binding other than to the transfected human EGFR is measured. To assess direct binding competition between the two antibodies we determined by FACS analysis the capacity of 425 to replace C225 from the cell surface of CO12 and HC2 cells. This analysis revealed the expected result in that either antibody competed with itself for cell surface binding but not with the other (Fig. 5) . In addition and as expected both antibodies recognized both, human wild-type EGFR and EGFRvIII. Collectively, these results indicate simultaneous binding of the two antibodies under investigation to distinct epitopes on domain III of the extracellular portion of recombinant human EGFR and cellassociated EGFR.
MAb 425 recognizes an EGFR epitope distinct from the ligand binding domain. The results described above are consistent with independent and simultaneous engagement of the EGFR by both antibodies under investigation. C225 is known to directly compete with ligand binding to domain III of the EGFR. 16 In contrast, whereas 425 is known to bind to domain III, its epitope has yet to be defined. We inferred that the 425 binding site must encompass residues that are different in the human and murine EGFR sequences as 425 recognizes a conformationally defined epitope of the human but not the murine EGFR. 7 Thus, residues that differ between the murine and human sequences and are present on the surface of the sEGFR domain III are likely candidates for the epitope defined by 425 binding. In addition, our data shows C225 and 425 bind simultaneously to the surface of EGFR domain III indicating that the 425 epitope must lie outside of the surface masked by C225.
Mapping of the human EGFR using these constraints produced a handful of potential EGFR/425 interaction sites (Fig. 6) . Many of these sites are located near glycosylation sites and were considered unlikely targets for 425 binding because we previously showed that 425 recognizes a protein epitope on the deglycosylated EGFR. 7 After exclusion of residues occluded by either C225 or by putative carbohydrate side chains, two adjacent amino acids emerged as likely candidates for 425 docking (Ser460 and Gly461 highlighted in Fig. 6 ). To investigate the role of these residues in 425 binding, we changed these two residues in human EGFR domain III to the corresponding murine sequence, (i.e., Pro460 and Asn461), expressed and purified this domain, and used size exclusion chromatography to test whether 425 could bind sEGFR domain III encoding S460P and G461N mutations (Fig. 7) . The individual Fabs and sEGFR domain III proteins eluted at 15.6 mL. Co-incubation of sEGFR domain III S460P/G461N with Fab425 resulted in a slightly earlier elution, 15.2 mL, indicating weak association. Note that the concentration of the mixture added to the column is 4 μM or 125-fold greater than the K D of the native EGFR/425 interaction. Thus, some weak association is expected. As a point of reference, mutations that define the C225 epitope on EGFR-domain III reduced the affinity from 2.3 based on the structure 1YY9. 16 Sequence differences between human and murine EGFR domain III are highlighted in red. Glycosylation of asparagine residues found in the structure of 1YY9 are shown as sticks (carbons yellow and oxygen red). The EGF-EGFR interface based on the crystal structure 1IVO 21 and limited to 5 Å cutoff is shown in orange. Note that S460 and G461 represent the only surface residues of interest on domain III that are either not occluded by C225 or likely to be affected by N-linked glycosylation. The figure was made in PyMol. 22 
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nM to 340 nM 16 and complex of this mutant and C225 would also show residual binding at concentrations 125 fold greater than the orginal K D (e.g., ~290 nM). However, human sEGFR domain III at the same concentration formed a saturated complex that eluted at 13.9 mL. To demonstrate that the point mutations did not affect the tertiary structure of the sEFGR domain III, the S460P and G461N mutant was also mixed with C225 Fab and subjected to analysis by size exclusion chromatography. Its elution point at 14.0 mL is similar to the wild-type sEGFR domain III complexed with C225. Finally, when wild-type sEGFR domain III and both Fabs were mixed and applied to the column, a distinct peak eluting at 13.1 mL emerged, consistent with a tripartite complex. Taken together, these data indicate that Ser460 and Gly461 significantly contribute to the overall affinity of the EGFR-425 interaction. These results raise the question of how 425 interferes with ligand binding to the EGFR as originally reported by us. 7 As it does not compete with C225 for binding and recognizes surface residues distinct from the ligand binding site, a different mechanism of action may account for its biological effects. Specifically, it is possible that interaction of 425 with the EGFR interferes with high affinity ligand binding by blocking a conformational change to bring domains I and III of the extracellular domain of the EGFR in close proximity.
Conclusions. The most salient findings of this work can be summarized as follows: (i) two mAbs to the human EGFR (425 and C225) that are of clinical interest cooperatively inhibit EGFR activation; (ii) the two antibodies in question simultaneously bind to domain III of the extracellular portion of the EGFR; (iii) the 425 epitope on the human EGFR contains amino acid residues G460/ S461 and is distinct from both, ligand binding site and C225 binding site. Taken together, the results of this study suggest that the combination of humanized 425 (Matuzumab) and Cetuximab may provide a more effective means to target tumor-associated EGFR in patients.
Materials and Methods
Cells and reagents. Human epithelial breast cancer cells MDA-MB-468 (ATCC HTB-132) were purchased from American Type Culture Collection (ATCC), Rockville, MD, USA. NIH3T3 cells transfected with either full-length human EGFR (CO12) or mutated EGFR variant III (EGFRvIII; HC2) were a generous gift from Dr. Albert Wong. 9 MAb 425 was isolated from murine ascites by affinity purification using Protein A Sepharose columns followed by Ion Exchange columns (GE Health Sciences Q Sepharose 4, fast flow). Purified C225/Cetuximab was purchased from Bristol Myers Squibb, Princeton, NJ. The EGFR selective tyrosine kinase inhibitor, tyrphostin AG1478, was purchased from Calbiochem. For surface plasmon resonance experiments, the extracellular soluble domain of the human EGFR (sEGFR) was purchased from R&D Systems, Inc., WST-1 cell proliferation kit was purchased from Takara Bio Inc.
HC2, CO12, and MDA-MB-468 cells were cultured in DMEM supplemented with 1 g/l glucose, 2 mM L-glutamine, 10% FBS, 1% penicillin/streptomycin under standard conditions. Expression of recombinant EGFR fragments. Soluble EGFR (sEGFR) constructs, extracellular domain (residues 1-621) and domain III, (residues 310-512) were generated, produced and purified closely following published methods. 10 Two point mutations, S460P/G461N, were introduced into sEGFR domain III by site directed mutagenesis using the QuikChange method (Stratagene).
Papain digestion of 425 and C225. Fab fragments of 425 and C225/Cetuximab were prepared by papain digestion and Protein A reverse purification (Pierce). Each protein was further purified using a HiLoad 16/60 Superdex 75 column.
Flow cytometry. Flow cytometric analyses were carried out using mAbs 425 and C225 conjugated to Alexa Fluor 488 through primary amines following the manufacturer's protocol (Molecular Probes). Between 4-6 Alexa 488 molecules were bound per antibody as estimated by measuring the optical density at 280 nm and 494 nm. For FACS analysis, cells were detached using a non-enzymatic cell dissociation solution (Cellgro), collected and resuspended in Figure 7 . MAb 425 binds the EGFR at an epitope distinct from C225 as determined by size exclusion chromatography. MAbs 425 and C225 bind to domain III individually (cyan and orange traces) and as a combination (grey trace). Note that the complex of 425 with the EGFRdomIII S460P/G461N elutes slightly earlier than the individual components (purple trace), but significantly later than the non-mutated domain III (cyan). The complex of C225 with the mutated EGFRdIII (red) eluted at the same volume as the non-mutated domainIII (orange) indicating that the point mutations do not interfere with the overall tertiary structure. Asterisks denote an impurity present in the C225 preparation. The concentration of each sample added to the column was 4 μM (based on absorbance at 280 nM). wash buffer (1X PBS containing 1% BSA). Approximately 500,000 cells were incubated at 4°C in 50 μl of labeled and unlabelled antibodies as indicated. After 30 min of incubation, cells were washed thrice with wash buffer and fixed using 1% freshly prepared paraformaldehyde. Samples were analyzed on a FACS Canto (BD Biosciences). WST-1 assay. Effects of C225 and 425 on metabolism of MDA-MB-468 were measured by assaying cleavage of the tetrazolium salt WST-1 to fluorescent formazan by cellular mitochondrial dehydrogenases as quantified by measuring the absorbance of the dye solution at 450 nm. In 48-well plates, approximately 3000 cells/well suspended in 200 μl of DMEM containing 10% FCS were allowed to attach for 24 h. After 24 h, 100 μl of antibody solutions diluted in DMEM were added to each well to achieve the desired concentrations. After 72 h 30 μl of WST-1 was added for another three hours. For analysis, 60 μl of culture medium was added to 200 μl of 1xPBS buffer and the absorbance was measured at 450 nm using a Victor2 1420 Multilabel counter (Perkin Elmer). The absorbance at 550 nm was used for background correction. The percent inhibition was calculated as 100*(Abs Control -Abs mAb )/Abs Control .
Anchorage-independent cell growth and survival. Cell survival in the anchorage-independent state was determined as previously described 11 with minor modifications. Cell suspensions were prepared in DMEM containing 0.2% BSA in the presence and absence of 10% FCS, mAbs 425, C225 or their combination (10 μg/ml final antibody concentration), AG1478 (10 μM) and/or EGF (10 ng/ml). After 48 and 72 h, 500 μl of cell suspension was transferred to another 6-well plate with the respective culture medium and allowed to attach and grow for 24 h. Attached cells were fixed in 75% ethanol and stained with crystal violet.
Immunoblot analyses. Cells were incubated in complete growth medium in 100 mm petri dishes (1 x 10 6 cells per dish) for 24 h. After overnight incubation in serum-free DMEM containing 0.2% BSA, antibodies (10 μg/ml final IgG concentration) or AG1478 (10 μM) were added. After one hour, EGF (10 ng/ml final concentration) was added to culture media and cells lysed using Laemmli buffer. Differences in the phosphorylation of MAPK, AKT and EGFR were determined by immunoblot analysis. Antibody binding was detected using an enhanced chemiluminescence system (Pierce).
Biacore surface plasmon resonance analysis. Molecular interactions were determined using a Biacore ® 3000 optical biosensor (Biacore Inc.,). Immobilization of EGFR specific mAbs to CM5 sensor chips were performed following the standard amine coupling procedure. Unless specified otherwise anti-HIV-1 gp120 antibody 17b immobilized on CM5 chips was used as a reference flow cell. 12 Ligand densities and flow rates were optimized to minimize mass transport and rebinding effects.
Analysis of direct binding of sEGFR in a concentration dependent manner to 425 or C225 was achieved by passage over mAb surfaces with a ligand density of 200 RUs and a flow rate of 50 μl/ min for two minutes association and 6 min dissociation at 25°C. Regeneration of the surfaces between injections was achieved by injecting three, six sec pulses of 10 mM glycine, pH 2.0 at the flow rate of 100 μl/min.
To study simultaneous binding of 425 and C225, a capture SPR format was employed. Briefly, sEGFR (5 nM) was injected over a low density C225 surface (280 RUs) at 20 μl/min. The captured sEGFR was then used as ligand to perform saturation analysis by injecting increasing concentrations of 425 (0-512 nM) for three minutes at a flow rate of 50 μl/min until binding equilibrium (R eq ) was achieved. Data were analysed using BIAevaluation ® 4.0 software (Biacore Inc., NJ). The responses of a buffer injection and responses from a reference flow cell were subtracted to account for nonspecific binding and instrument noise. Experimental data were fitted to a simple 1:1 binding model with a parameter included for mass transport.
Sedimentation equilibrium analysis. A complex of full-length sEGFR, Fab425 and FabC225 was incubated for 30 min, applied to a HiLoad 16/60 Superdex 200 prep grade column and loaded into a loaded into a 6-well, analytical centrifugation cell at A 280 nm = 1.0. The samples were centrifuged using an An-50 Ti rotor at 20°C in a Beckman ProteomeLab XL-I ultracentrifuge. Absorbance scans at 280 nm were performed after 12 and 14 hours at 8000, 12000 and 16000 RPM. Equilibrium was assessed by comparison of scans at 12 and 14 hours. Analysis was performed using FastFitter 13 as implemented in Igor Pro (Wavemetrics, Lake Oswego, OR). The solvent density (ρ) was set at 1.0042 g/ml and the specific volume (V BAR ) was assumed to be 0.76 ml/g.
Size exclusion chromatography. Complexes comprised of different combinations of sEGFR domain III, the mutated (S460P/G461N) sEGFR domain III, Fab 425 and Fab C225 were prepared at 4 μM and incubated for 20 min. Size exclusion chromatography was performed at 4°C using a Superdex 200 HR10/30 column (GE Health Sciences) and monitored at 280 nm.
